During speciation in flowering plants, many morphological characters were evolved in response to continuous selection pressure. Such characters are largely governed by genetic changes or get modulated according to ecological adaptations. To explore the potential of latter, a novel comparative analysis of seed micromorphology and ultrastructure was performed in twenty species in the genus Dendrobium (Orchidaceae) from well-defined altitude based phytogeographical realms i.e. temperate, subtropical and tropical regions. Seed morphological characteristics from all collected species were examined using 13 quantitative traits descriptors. Comparative seed morphology revealed that the species from temperate region have larger seed volumes and seed volume/embryo volume ratio than species from subtropical or tropical regions irrespective of their phylogenetic association. Hence, phylogenetically related species emphasized their preference for a climatic region as their prime habitat. Similar trends towards gradual increase of percentage free air space were observed in the species of tropical to subtropical and subtropical to temperate regions. The higher percentage of free air space may have an advantage for the species from temperate region with relatively low atmospheric pressure that had greater buoyancy for optimal seed dispersal. Also, phylogenetically distant species from a particular climatic region, showed characteristic features of the testa cell walls sculptured with bead-like ornamentations or covered with cottony white substances. Based on these observations, it may be concluded that seed volume, % free air space and seed coat ornamentation in Dendrobium species are signatures of adaptation according to climatic preferences rather than their selection during speciation.
INTRODUCTION
In the evolutionary history of any organism, the raw material for evolution is to acquire enormous genetic diversity under selection pressure providing novel phenotypes. In the genome of almost all flowering plants, genetic and/or epigenetic changes seem to be widespread and lead to apparent impact on biological phenotype, ultimately influencing speciation. Ohno's hypothesis of genome duplication has also confirmed the key role of genomic changes in molecular evolution [1] . However, there are increasing evidences showing considerable and sometimes very rapid morphological changes following speciation as a result of adaptive radiance, as observed majorly in the largest family of flowering plants i.e. Orchidaceae, having bewildering range of flowers with more than 2500 reported species globally.
The species of genus Dendrobium have adapted to a wide variety of habitats ranging from high altitudes in the Himalayan Mountains to lowland tropical forests, and even to the dry climate of Australian deserts [8] . The orchids of this genus are incredibly prevalent because of their large flashy flowers contributing significantly to floriculture industries. Most of the species of the genus Dendrobium are epiphytic in nature, or occasionally observed to be lithophytic. The principal characteristics of the genus, for example, size, habit, form of stem and leaf, shape, and structure and color of flowers have varied significantly at inter-specific level. The taxonomic placement of this genus is usually based on the floral characters however, the use of important vegetative characters such as stem, leaf, inflorescence, mixed floral and pollinia traits and seed micro-specifics has also been emphasized [3, [9] [10] [11] [12] [13] [14] .
The seeds of orchids are generally microscopic and numerous, in some species over a million per capsule having a simple embryo and often lacking endosperm [11, 15, 16] . The seeds are wind dispersed and exhibit a great deal of varied morphological characters in size, form and structure, for example, seed size varies from 150 mm to 6000 mm [17] . The seeds are protected with seed coat often showing marked thickenings and sculpturing. The thickenings are thin in terrestrial orchids whereas thick in epiphytes [18] . The testa cells and embryos of different species may vary significantly in size, shape, colour, and volume [19] [20] [21] . The number of cells contributing to testa formation also varies greatly among species, ranging from 2 -20 in number and most often studied through scanning electron microscopy [17] [18] [19] .
Changes in seed morphology brought about through evolution had been important as a source of systematic character to circumscribe sub generic groups or hypothetical relationships among species within a genus [22] [23] [24] . Recent study on different species of Dendrobium has developed precise seed micromorphometric markers for comparative phylogeny of Dendrobium [10] . Hence, the seed characters such as shape, color, length, breadth are significantly important as taxonomic markers and for revelation of phylogenetic relationships among species [10] . However, seed micro-specifics in orchid systematic had restricted exploration as taxonomic and climatic preferences.
Since seed coat ornamentation and sculpturing are considered non-specific to reveal the taxonomic relationship at inter-specific level, comparative knowledge of seed micromorphology in respect to their climatic preferences is yet scarce in orchids [18, [25] [26] [27] . We hypothesized that such characters may be largely governed or get modulated according to ecological adaptations. Since the general mode of seed dispersal of epiphytic orchid is through air, therefore, it could be expected that seed ultra-structures will be marked or influenced by their distribution pattern at varied altitudes in due course of thousands of years of adaptation. With this hypothesis, in the present study, seed micromorphometric measurements and ultrastructures of second largest and taxonomically complex genus Dendrobium were explored in a comparative account at inter-specific level, and assessed the correlation if such changes had been evolved with ecological adaptations due to altitude based phytogeographical distribution of the respective species.
MATERIAL AND METHODS

Plant Material
Twenty different species of the genus Dendrobium were collected from defined climatic regions of eastern North India (Figure 1) To reveal intra-specific variations, biological replicates of capsules from 2 -6 individuals per species were sampled as per the availability. Capsules were subsequently split-opened and the seeds were collected and stored in small-cap vials (Tarson) at 4˚C in dry conditions.
Morphological Analyses
Wild forms were evaluated for seed characters in the field at the time of collection and/or in the laboratory. Morphological characteristics from all collected species multiple plants per species were recorded using previously reported seed traits descriptors, from which 13 are quantitative variables [28] . These descriptors include characteristics of seed shape, color, length, width, L/W ratio, seed volume, testa call length, testa cell width, testa cell number on long axis, embryo length, width, L/W ratio, volume and percentage free air space ( Table 1) . States of shape characters were identified according to the plant identification terminology [29] . To analyze statistically each species, we used the mean for each quantitative character.
LM Study
Seeds were stained with safranin and spread on a slide with a drop of water and covered with a cover slip. Twenty seeds were observed for each species and mea- The distribution pattern of all twenty different species was confined to a particular geographical region that is tropical, sub-tropical and temperate, except D. transparens that showed uniform distribution across climatic regimes. A flower photograph of a species is shown conferring the presence of that species from particular climatic region. Also, a phylogenetic tree derived from rDNA ITS-2 sequences of Dendrobium species (shown at left) revealed the genetic relationship among all twenty species studied except D. transparens and D. hookerianum where the ITS-2 sequences are not available, and shown at the bottom (marked in blue). Phylogenetically adjacent species exhibited large variation in their distribution patterns ranging from tropical to temperate having subsequent changes in micromorphology may be as a result of ecological adaptations.
surements were recorded digitally using Lica DNLP microscope and LicaQueen3 Software. The color of the seeds were observed and described in subjective terms with the help of optical microscope. The following parameters were studied under Light microscope: seedcolor, shape, length, breadth, volume; testa cells-number in longitudional axis, shape, length, breadth; embryolength, breadth, volume; and percentage of free air space present. The seed and embryo volumes were calculated following described method [19] .
SEM Study
The seeds were mounted on aluminium copper stubs using double adhesive tape. The samples were then sputter-coated with gold palladium alloy for five minutes and photographed on a JEOL-35 JSMCT-SEM at an accelerating Voltage of 15-20 KV. Detailed seed coat (testa cells) surface studies were conducted by observing under SEM. The considered parameters were seed coat sculpturing and thickenings.
STATISTICAL ANALYSIS
In the present study seeds were collected from at least 5 pods per population and measurements were taken from 20 seeds per pod. Length and breadth of seed, embryo, and testa cell were measured. Mean values were calculated upto 4 th decimal point for each species along with standard error. Correlation analysis had been performed among different seed characters and among species from three altitudinal climatic zone with respect to single seed characters.
RESULTS AND DISCUSSION
Distribution of Dendrobium Species in Eastern North India
Eastern North India has well-distinguished and characterized altitude based phytogeographical realms [28] . Twenty representative species of the genus Dendrobium were studied covering almost continuous distribution among temperate to tropical and sub-tropical regions (Figure 1) (Figure 2) . The studied species were representatives from different classified sections earlier defined based on morphological characters based on a combined list for the Dendro-biinae on the Indian subcontinent, including Bhutan, Nepal, Sri Lanka, and Andaman/Nicobar islands [14, 28, [30] [31] [32] [33] .
These sections are 1) Section Densiflora (syn. 
williumsonii).
Collection of different species was focused on the defined geographic regions where populations exhibited typical species characteristics without any disorder. The preference of any species from specific geographic region was also confirmed with reported habitats of Dendrobium species [28] . Selected species such as D. primulinum and D. transparens were observed to be uniformly distributed across virtual altitude barriers, though with hyper-variables in seed micromorphology (Figure 1) . This observation led to the hypothesis that phylogenetically close species or at times same species got adapted in different climatic regions during their adaptive diversification (Figure 2) , and it may be for the reason that any such change would preferentially occur only due to their adaptation according to climatic preferences without having any genomic changes.
Variations in Seed Micromorphometric Traits in Dendrobium Species
Seeds from Dendrobium species are extremely small, being less than 1 mm in size, with a wide variety of shapes (ellipsoid, oblongoid, ovoid, globose, trigonous or tetragonous) [11, 16, 17] . The seed coat is reticulated with polygonal cells, which range from more or less isodiametric to tangentially elongated, being sometimes irregular. Dendrobium seeds usually have a smooth membranous outer periclinal wall, although they can sometimes have a fibrillar aspect due to epicuticular waxes. Scanning electron microscopy based observations indicated that there were distinct and recognizable morphological seed types [10] . Thirteen seed micromorphometric variables including seed micromorphology and embryo related characters were examined across all collected species (Table 1) .
Seeds from Temperate region species: Occurring at 1000 -2000 meters altitude, seeds are 0·35 − 0·55 × 0·08 − 0·11 mm in size, ellipsoid to ovoid or fusiform in shape; yellow to orange yellow or very dark brown, 0.83 − 1.6 mm 3 seed volume. Testa cells are 87.8 − 125.7 × 10.5 − 15.8 µm in size, seed-coat surface of isodiametric cells. Anticlinal walls with remarkably deep thickening at the vertex, and with a narrow trough marking the wall junctures between cells; outer periclinal walls smooth, impeding vision of the inner one (Figures 3(a),(b) (Figures 3(c)-(f) Seeds from Tropical region species: Occurring at 100 - williumsonii were also observed to be covered with cottony-white substances as evident in characteristic features of these two species. In tropical region species, the testa cells were raised with or without bead like structure as evident in (g) D. crepidatum, and (h) D. farmeri.
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1000 meters altitude, seeds are 0·29 -0·39 × 0·07 -0·10 mm in size, elliptical to ovoid, twisted and fusiform in shape, color orange yellow to golden yellow, 0.47 -1.0 mm 3 seed volume. Testa cells 89.0 -112.5 × 9.5 -13.9 µm. Epidermal seed coat cells more or less isodiametric to tangentially elongated, anticlinal walls of medium depth and evenly thickened, with a narrow trough that is noticeable all around the edge of the cells or just at the vertices (Figures 3(g),(h) 
Seed Characters Acquired in Response to Climatic Preferences
Previous observations have clarified that seed quantitative characters such as seed length, seed width, embryo length, embryo width, testa cell length and testa cell width were important to deduce phylogenetic relationship among species of the genus Dendrobium and was comparable to rDNA ITS-2 based phylogeney [10] . Such characters are largely governed by genomic changes or get modulated according to ecological adaptations. To explore the potential of latter, a novel comparative analysis of seed micromorphology and ultrastructure was performed in twenty species of the genus Dendrobium (Orchidaceae) from well-defined altitude based phytogeographical realms i.e. temperate, subtropical and tropical regions (Figure 2) . The studied characters included seed volume, free air space, seed coat ornamentation of the periclinal walls and seed coat sculpturing those could easily be used to distinguish groups of species based on defined climatic regions. However, genetic relatedness derived with these characters among all studied species from different geographical regimes showed non-significant correlation (R 2 = 0.168) with the phylogeny deduced earlier based on seed quantitative characters (Figure 4) [10] . Based on these results, therefore, it may be concluded that such traits are the direct signatures of adaptation according to climatic preferences rather than their selection during speciation.
Seed Characters Showing Negative
Correlation with Climatic Preferences The seed shape and color of mature seed coat of different species of Dendrobium did not exhibit large variations ( Table 1) . Previously these characters had been considered as distinguishing characters in species identi- fication and their subsequent evolution into other morphotypes with adaptive strategy [10, 18] . However, in the present study no significant contribution of these traits was observed in establishing the positive correlation with different altitude based phytogeographic region of the species. In parallel, seed length/width ratios also exhibited a differential variation among all studied species ( Table 2 ). The patterns of seed growth during maturation suggested that the seed elongated as a result of an elongation in testa cell and not in numbers, thus increases buoyancy of seed beneficial for wind dispersion [20] . Although the relative degree of truncation of the seeds has been utilized as a good taxonomic parameter for species identification, yet it could not distinguish among species from different climatic regions [20] . Therefore, seed length, width and their ratio were also observed to be non-significant in relation to phytogeographical distribution of the species.
Precise Seed-Specifics and Ultra-Structures Showing Positive Correlation with Climatic Preferences
Testa cells: These cells had a significant variation in their length as well as in orientations; however, different species could easily be grouped based on different phytogeographical regions irrespective to their genetic relationship. The testa cells in Dendrobium species were observed to be long, sub-quadrate, oblong, sub-elliptical or irregular in outline and fusiform in shape as also shown earlier [18] [19] [20] [21] . The testa cells had discrete length and width parameters in species from temperate and sub-tropical regions; however, species from tropical region had overlapping dimensions ( Table 1) . Their size may also be uniform but often varied within the areas Table 2 . Correlation among seed micromorphometric traits observed to be important for altitudinal based distribution of Dendrobium species; and is highly correlated among themselves and also significantly distinct from other seed-based traits important for deducing phylogeny [10] . Correlation marked in bold shows the high correlation-coefficient among seed micro-morphological traits highlighting adaptive species-diversification of the genus Dendrobium. such as the median region and on the chalazal end [17] . The micropylar and the chalazal cells were much shorter and stouter than medial cells which enveloped the embryo in all species. The medial cells were elongated in length and encased the embryos in the seeds. The number of testa cell per seed was examined highest in temperate species and lowest in tropical species with an exception of D. transparens which was a sub-tropical species with higher number of testa cells. Seed volume and embryo volume: Earlier, it had been hypothesized that during speciation any variation in the volume of embryos in orchid seeds is due to their increased length rather than their width [19] . This may be because the orchid seeds are extremely small and thin, having ellipsoid to oblongoid shapes and could only lead to elongated embryo cells. This postulation was even evident from the present investigation measuring seed and embryo volume data representing the fact that species from temperate region had the highest ratio followed by sub-tropical and tropical region species (Table 1) ; and high correlation was observed between two traits ( Table  2) . This data though showed incongruence with phylogenetic relationship derived from other numeric seed micromorphometric traits as well as rITS-DNA sequences [10] . Hence, genetically related species had different seed volume/embryo volume ratio highlighting the preference of any particular species for a climatic region as their prime habitat (Table 1, Figure 2) . However, as an exception species D. transparens was observed to have the lowest embryo volume and lowest seed volume/embryo volume ratio making it most buo-yant among all studied species. This improbability is very prominent as this species is distributed throughout climatic regions as well as in some other parts of the country depicting this adaptive change in buoyancy for optimal seed dispersal.
Free air space: Statistical analyses revealed that variation in percent free air-space in seeds of Dendrobium species had a significant variation among all species studied from different climatic regions. Data suggested that species from temperate region had the highest % free air-space followed by species from sub-tropical and tropical regions ( Table 1 ). Some of the species which grow in the transit climatic zones also showed an overlapping pattern in terms of free air-space (data not shown). It is therefore, assumed that the higher percentage of free air-space would be required in the species from temperate region with relatively low atmospheric pressure that had greater buoyancy for optimal seed dispersal. Highly significant correlation between % free air-space and seed volume/embryo volume supported the assumption of increased seed buoyancy in temperate region species ( Table 2) . Thus it was concluded that % free air-space of the seeds was highly correlated with the distribution of species into different climatic regions.
Seed ultra-structures: The usefulness of micromorphological studies on seeds of Dendrobium for differentiating of taxa has earlier been demonstrated [17] . Characters of epidermal seed coat cells have been proved to be very helpful in this aspect. Ornamentation of the periclinal walls could be used to discriminate selective morphological types. In the present study light and scanning electron microscopy was used to examine the seeds from 20 species of genus Dendrobium. The Dendrobium seeds have elongated, thick medial testa cells with relatively high anticlinal cell wall without an abrupt transition zone. SEM studies revealed that the thickening of testa cells was well developed and strongly raised in all studied species. Moreover, testa cells in selected temperate region species such as D. chrysanthum, D. hookerianum were rather longitudinally folded (Figure 3(a),(b) ). Anticlinal walls frequently appeared to be strongly raised whereas the outer periclinal surface was generally sunken or concave providing a tessellate appearance to the surface of a seed. However, the cell lumens in majority of species were almost obliterated due to extensive development of the cell wall thickenings. These observations revealed the simple form of testa cells arrangements, however, in orchid simpler forms were suggested to be typical to terrestrial taxa, and spiral from epiphytic taxon [18] . The observations from Dendrobium species suggested that the testa cells arrangement may vary significantly within genera irrespective to plant habit.
In temperate species, the testa cell walls were smooth and without reticulations as characterized in D. chrysanthum and D. hookerianum from morphological section Dendrobium (Figures 3(a),(b) ); and D. clavatum (syn. D. denneanum) from section Holochrysa. Since the members of two different morphological sections were available from this region, therefore, it could indeed be ascertained that such traits are specific to the temperate region species. In sub-tropical species testa cell wall thickenings were most prominent and may be characterized into two morphotypes. First, the raised testa cell walls of species such as D. densiflorum (section Densiflora; syn. Callista), and D. nobile (section Dendrobium) were sculptured with bead-like structures giving an appearance of 'beads on strings' (Figures 3(c),(d)) . Second, the testa cell walls in D. parishii (section Dendrobium), and D. williumsonii (section Formosae) were covered with cottony-white substances (Figures 3(e),(f) ). Both types of testa cell walls are characteristic features of the concerned species, however, these species are phylogenetically distant species belonging to different morphological sections [28] . These results, therefore, indicated that such characters have been evolved as per the climatic preferences of species rather than during speciation. In tropical region species, the testa cells were raised with or without bead-like structure as characterized in D. crepidatum (section Dendrobium) and D. farmeri (section Densiflora) (Figures 3(g),(h) ). Interestingly, in a single seed some cells were sculptured with bead-like structures and some cells were without any sculpture, for example, D. aphyllum, D. primulinum (syn. D. polyanthum) (section Dendrobium) and D. formosum (section Formosae). The anticlinal cell walls may also be sculptured forming ridges, reticulations, perforations or scattered varicosities, and could be fairly consistent within genera or sub-tribe [17] . In the present study, it was also ascertained that structure "beads on strings" is a quite common and interesting feature across morpho-sections of species studied. A gradual transition of this structure through reduction of beads number was observed from tropical region species (D. formosum from section Formosae) to subtropical region species (D. infundibulum from section Formosae; and D. transparens, and D. wardianum from section Dendrobium) to temperate region species (D. chrysanthum from section Dendrobium; and D. clavatum and D. hookerianum from section Holochrysa). However it could also be assumed that "beads on strings" structure was originally developed into the sub-tropical region members and gradually become obsolete into tropical and temperate region species. Occasional presence of these beads in D. farmeri (temperate region species) and D. wardianum (tropical region species) supported this assumption. Since these structures were not restricted within members of any defined section and therefore, could be concluded that such traits are not related to speciation, but evolved according to climatic preferences of a species. These data will provide support to the hypothesis for the adaptation of phylogenetically related species in different climatic regions during their adaptive diversification.
CONCLUSION
The results of the present study highlight, to certain Copyright © 2014 SciRes.
OPEN ACCESS extent, the importance of the morphology of orchid seeds in relation to their ecological adaptations required for the dispersal or to the establishment of new plants. Thus, due to their small size, Dendrobium seeds can be regarded as "dust-seeds" that are mainly dispersed by wind with parasitic or hemiparasitic representatives in the family Orchidaceae. The great distance traversed by the orchid seeds is generally attributed to its light weight and buoyancy due to high percentage of air space. This assumption is well reflected among Dendrobium species where the embryo volume and percentage air space is directly related to the climatic preferences of the species reflected through ultra-structure of the seeds. The lower seed volume and higher percentage of free air space in the temperate species suggested an ecological adaptation for proper dispersal in relatively low atmospheric pressure. The ultra structural features also suggested a gradual expansion towards tropical and temperate regions from the subtropical region. Fusiform tessellate seeds are a characteristic feature of the genus Dendrobium. In temperate species the testa cell walls were smooth and without reticulations; in sub-tropical species testa cell wall thickenings were either with bead-like structures or covered with cottony white substances; whereas in tropical species the testa cell walls ornamentation is not that prominent and may be with or without bead like structure. Therefore it is clear that the seed volume, free air space, and seed coat ornamentation in Dendrobium species are directly related to climatic preference of the species rather than its phylogeny.
